Abstract-A semicircle arc projection is introduced to miniaturize the patch in circular patch microstrip antennas. The idea has been inspired from the effectiveness of a cuboid ridge in size reduction of a rectangular patch microstrip antenna. A prototype of the proposed antenna together with a prototype of a conventional circular patch antenna has been fabricated and measured. The two antennas are compared, and the results are presented and discussed. A parametric study is also carried out on the characteristics of the arc projection.
I. INTRODUCTION
T HE permanent demand for low-cost compact antennas that can be integrated into the electronic and radio-frequency components has made patch antennas an attractive alternative in modern wireless communication systems. Nevertheless, the dimensions of the patch for an antenna operating in its fundamental mode may be too large for some practical applications. The rectangular patch has a resonant dimension in order of half a wavelength. Almost the same conditions exist for the diameter of a circular-shaped patch in terms of wavelength [1] .
Several techniques have been proposed and reported in the literature to achieve patch size miniaturization. The most wellknown techniques consist of using shorting wall [2] , [3] , shorting pin [4] , high-dielectric-constant material [5] , [6] , folded patch [7] , loading the patch with an inductive notch [8] , [9] , and irregular ground plane [10] .
Recently, an effective method for the miniaturization of the rectangular patch antenna has been reported in [11] that is based on inductively loading the patch using a cuboid ridge. In this letter, the idea of using nonuniform patches has been utilized to miniaturize circular patch antennas. The cuboid ridge in the rectangular patch antenna is appropriately mapped into the circular patch.
In this letter, it is shown that the arc projection provides a significant reduction in the patch area as compared to a conven- tional circular patch microstrip antenna operating in the same frequency. In the proposed configuration, the size of the patch can be adjusted using two extra parameters: the projection height and the arc width. Hence, the proposed antenna provides the designer with a higher degree of design flexibility. The simulation results indicate no substantial degradation in the gain of the antenna with an arc projection as compared to a conventional patch antenna on a similar substrate and operating in the same frequency band.
II. CONFIGURATION OF THE ANTENNA
The geometry of the proposed antenna is illustrated in Fig. 1 . The configuration consists of a grounded square dielectric substrate of lateral dimension W , thickness h, and dielectric constant ε r 1 . An electrically conducting circular patch of radius a is concentrically located on the radiating face of the dielectric substrate. An annular 180
• arc such that its center has an offset m with respect to the center of the circular patch is removed from the patch. A dielectric arc projection of height h p and dielectric constant ε r 2 is placed at this removed area. The outer and inner radii of the arc projection are b and c, respectively. The top face and the curved inner and outer sides of the projection are covered with electrically conducting layers that connect the top conducting face of the arc to the patch. The antenna is fed with a coaxial probe at a point, which has an offset d to the center of the patch. The dielectric materials used for the substrate have been considered lossless.
As mentioned in Section I, the idea of arc projection inspired from the impressive effect of a cuboid ridge on the miniaturization of the rectangular patch antenna with its theoretical explanation has been explained in [11] in detail. The role of cuboid ridge is basically like a short stub in transmission line model of the antenna that loads the antenna inductively and reduces the resonance frequency.
To efficiently project the idea of flange ridge on the miniaturization of a circular patch, the rectangular structure is cleverly mapped to a circular one. Based on an engineering estimation, a circular patch can be created by 180
• sweep integration of infinitesimally wide diagonal rectangular patches centered at the feeding point. If a rectangular flange exists on each of the rectangular partial elements, the resulting structure would be the proposed antenna, as shown in Fig. 2 . The flange on the partial element reduces the length of the each partial element based on the theory explained in [11] , and this leads to a reduction of radius in the resulting circular structure.
III. RESULTS AND DISCUSSION
A sample antenna of the proposed type is designed, fabricated, and measured. This antenna is compared to a conventional circular patch antenna operating at the same frequency band. Both of the antennas are etched on a 0.8-mm-thick dielectric substrate of dielectric constant ε r 1 = 2.2. The metallic surface area under the arc projection is removed, and a dielectric arc of thickness 1.9 mm is placed on this area. The arc projection is made of a plastic material by means of a 3-D printing machine. This plastic material has a dielectric constant of ε r 2 = 2.94 and loss tangent of tan δ = 0.027, measured at f = 2.4 GHz that are measured with a split-post dielectric resonator.
The arc projection has been fixed at its location using a few small drops of super glue. The top and curved side walls of the arc projection are covered with pieces of copper tape with conductive adhesive, as shown in Fig. 3 . The dimensions are in millimeters. The antenna is fed by a coaxial line at a point with a distance 2 mm from the center of the patch. The center of the arc projection is located with a distance 2.6 mm from the center of the patch. The value for m has been chosen as small as the prototype fabrication, and feeding is possible and simple. The design parameters are listed in Table I .
The measured and simulated |S 11 | response of the antenna as a function of frequency is shown in Fig. 4 . It is observed that the antenna resonates at f = 2.34 GHz. A good agreement is observed between the measured and simulated results for the reflection coefficient. It should be noted that the dielectric materials constructing the substrate were considered to be lossless in the simulated structure.
In order to have a comparison reference, a conventional flat circular patch microstrip antenna operating in the same frequency band is also fabricated and measured. For a visual comparison of the patch sizes, the two fabricated prototypes are depicted in Fig. 3 . The patch radius for the conventional circular patch microstrip antenna is 24 mm, while it is 18 mm for the antenna with the arc projection. This shows that 21% reduction in the patch radius that gives a 37% reduction in the area under patch has been achieved by the presented approach for this sample design. It should be noted that depending on the application and the available size for the antenna, the size reduction rate can be increased by changing the height or width of the arc projection. This provides the designer with at least two more degrees of freedom for the antenna design. All simulation results in this letter have been achieved from the CST Microwave Studio solver.
The measured and simulated realized gains of the antenna with the arc projection versus frequency are shown in Fig. 5 . The peak gain is 7 and 6.7 dBi for the measurement and simulation, respectively. The measured and simulated results are in agreement. The realized gain for the fabricated conventional circular patch antenna is 8.4 and 7.8 dBi, respectively, in the measurement and simulation. The gain of the proposed antenna with the arc projection is, respectively, lower than the gain of the conventional antenna. This is due to the smaller size of the patch and also the amount of lossy copper tape used in the fabrication of the arc projection. Since the gain of the antenna is proportional to its physical aperture size and the physical aperture size of the circular patch antenna is proportional to its radius, we have
where G a , G c , R a , R c , and E a and E c are the gain, radius, and efficiency of the antenna with arc projection and conventional patch, respectively. Inserting the achieved values from simulation and measurement in (1), the ratio of efficiencies of two antennas would stay in the interval of 0. means that the antenna with the arc projection provides similar efficiency as the conventional patch antenna. The different value of the gain in the measurement result as compared to corresponding simulation results can be due to the measurement uncertainty of the anechoic chamber. A summary of the measurement and simulation results of the two antennas is presented in Table II .
The measured and simulated E-plane radiation patterns of the fabricated antenna with the arc projection are plotted in Fig. 6 at 2.34 GHz. The measured and simulation radiation patterns are in agreement. It is observed that the antenna produces a fairly symmetric broadside radiation pattern.
The antenna has been simulated using CST Microwave Studio and measured at Loughborough University's anechoic chamber.
IV. PARAMETRIC STUDY OF THE ARC PROJECTION
The volume of the arc projection determines the level of miniaturization of the patch area. To achieve a smaller patch size, one can increase either the arc width, (b − c), or the projection height, h p , depending on the designer preferences and the practical limitations and requirements of the application. In this section, a simulation-based investigation on the dimensions of the arc projection is presented.
The variation of the resonant frequency as a function of projection height with the arc thickness of (b − c) = 13 mm for circular patch antennas with two different values of substrate thickness and dielectric constant of ε r 1 = 2.2 is shown in Fig. 7 . The characteristics of the material in the arc projection were considered the same as the fabricated prototype. As observed in the figure, the rate of the resonant frequency reduction is more for the smaller value of the projection height. As the projection height increases, the rate of the resonant frequency reduction diminishes. It is also observed that the arc projection is more effective in reducing the resonant frequency for the thinner substrates. In other words, similar to the phenomenon that occurs for the cuboid ridge in a rectangular patch microstrip antenna [11] , it is the ratio of the projection height to the substrate thickness (h r /h) that determines how effective the projection is.
The resonant frequency of the antenna reduces with the increases in the arc width. The variations of the resonant frequency as a function of the arc width are plotted for two values of the substrate thickness, h = 0.8 mm and h = 1.6 mm, in Fig. 8 . The dielectric constant of the substrate is as before, ε r 1 = 2.2, and the material used for the arc projection has the same characteristics as for the fabricated prototype. The outer and inner radii of the arc, i.e., c and b, have the initial values of 17 and 4 mm, respectively. For any step, the inner and outer radii reduce simultaneously by 0.2 mm.
Simulation results show that similar to the cuboid ridge in the rectangular patch antennas, the dielectric constant of the material that created the projection has no significant contribution to the resonant frequency for short-height projections. However, its contribution increases as the height of the projection increases.
The proposed approach increases the design flexibility by introducing two extra parameters: projection height and arc width. Compared to other miniaturization techniques, the proposed approach has a simple design procedure and is relatively robust to the distortion of design parameters. The proposed approach is easy to fabricate and cost-efficient for production. Although the proposed antenna is a patch antenna, it should not necessarily be uniformly planar. Hence, the designer may efficiently use the volume dedicated to the antenna. However, such nonuniformity can be a disadvantage for some special applications that planarity is essential.
V. CONCLUSION
An approach to miniaturize the patch size of the circular patch microstrip antennas was presented. The proposed approach has been inspired from our earlier work, i.e., rectangular patch size reduction using a cuboid ridge. The presented approach is based on using a nonuniform substrate by introducing a dielectric semicircle arc projection on the antenna. The size of the patch is determined by the height of the projection as well as the width of the arc. The wider the arc and the taller the projection, the smaller the patch size. A prototype of the proposed antenna and a prototype of a conventional circular patch microstrip antenna were fabricated and measured. The two antennas were compared, and the simulation and measurement results were presented and discussed. It was shown that while a significant size reduction is achieved by the arc projection, no substantial degradation was observed in the antenna gain. Furthermore, introducing such an arc projection provides the designer with two more design parameters.
